can be easily identified and transferred into appropriate germplasm (Parlevliet, 1976 alleles at the Rph9 locus, Rph9.i and Rph9.z (formerly designated as Rph12), were located on chromosome 5H using RFLP and sequence tagged site (STS) markers (Borovkova et al., 1997 (Borovkova et al., , 1998 . STS and cleaved ampli-
alleles at the Rph9 locus, Rph9.i and Rph9.z (formerly designated as Rph12), were located on chromosome 5H using RFLP and sequence tagged site (STS) markers (Borovkova et al., 1997 (Borovkova et al., , 1998 . STS and cleaved ampli-L eaf rust caused by P. hordei is generally considered fied polymorphic sequence (CAPS) markers were emthe most important rust disease of barley on a ployed to map Rph16 onto barley chromosome 2H worldwide basis. Severe yield losses have been observed (Ivandic et al., 1998) . Recently, Rph7 was mapped onto in Australia (31%) (Coterill et al., 1992) and Europe the short arm of chromosome 3H by means of RFLP (17-31%) (King and Polley, 1976) . In the USA, a 32% markers (Brunner et al., 2000; Graner et al., 2000) . Fiyield reduction was reported for susceptible cultivars nally, Rph6 has been mapped onto chromosome 3HS under epidemic conditions in Virginia (Griffey et al., (Steffenson, unpublished) . The precise chromosomal 1994). position of Rph5 is not known, although the gene was Clifford (1985) listed two types of resistance against assigned to chromosome 3H by trisomic analysis (Tan, P. hordei in barley: partial resistance and race-specific 1978; Tuleen and McDaniel, 1971) . Thus, the objectives resistance. Partial resistance is controlled by several to of this study were to map Rph5 by means of molecular many genes and is generally considered more durable markers and develop closely linked markers for markerthan the race-specific resistance (Qi et al., 2000; Kichassisted selection. erer et al., 2000) . However, the quantitative expression of this trait and complex genetics make this type of resistance more difficult to use in breeding programs.
MATERIALS AND METHODS

Race-specific resistance is usually governed by single
Genetic Materials dominant genes. Although race-specific leaf rust resistance genes have not provided durable protection, they cording to the manufacturer's protocol (Gibco BRL, Rock-F 2 plants from both populations were inoculated with race 8 ville, MD). RFLP analysis was performed as previously deas described by Brooks et al. (2000) . To confirm the genotype scribed (Biyashev et al., 1997) . for resistance in F 2 plants (i.e., whether Rph5/Rph5, Rph5/
In addition to RFLP analysis, a set of microsatellite markers rph5, rph5/rph5), 50 seeds from each F 2:3 family were planted, was used for mapping purposes. PCR amplification and microinoculated, and evaluated for their leaf rust reaction. A set satellite analysis were carried out according to published proof host differential lines including 'Sudan' (Rph1), 'Peruvian' cedures (Liu et al., 1996; Ramsey et al., 2000) . AFLP analysis (Rph2), 'Aim' (Rph3), 'Estate' (Rph3), 'Gold' (Rph4), 'Bowas conducted following the protocol described previously livia' (Rph2 ϩRph6), 'Cebada Capa' (Rph7), 'Egypt 4' (Rph8), (Vos et al., 1995; Maughan et al., 1996) . Conversion of AFLP 'Hor 2596' (Rph9.i), 'Triumph' (Rph9.z), 'Clipper BC8' markers to RFLP markers was performed as described by (Rph10), 'Clipper BC67' (Rph11), Berac*3/HS2986 (Rph13), Upender et al. (1995) and Hayes and Saghai Maroof (2000) . 'PI 531901-1' (Rph14) and Bowman*4/PI 3555447 (Rph15) were included as checks in the experiments. The virulence/ avirulence formula of race 8 is Rph1, 4, 8, 10, 11/Rph2, 3, 5,  Sequence Analysis 2ϩ6, 7, 9.i, 9.z, 13, 14, 15 (Griffey et al., 1994) . Infection types DNA was sequenced with an ABI 377 DNA sequencer were scored by the 0-to-4 scale of Levine and Cherewick (Applied Biosystems, Foster City, CA) . Plasmid template was (1952) . Infection types of 0, 1, or 2 were considered indicative prepared by standard alkaline-lysis method followed by purifiof host resistance, whereas infection types 3 or 4 were considcation with QiaexII (Qiagen Inc., Valencia, CA). Dye-termiered indicative of host susceptibility. Disease assessments were nator cycle sequencing was done on the basis of the manufacperformed 10 to 14 d after inoculation. Infection types of F 2 turer's protocols (Perkin Elmer, Foster City, CA). Sequence progeny were compared with infection types of the parental analysis, including primer design was conducted with Laserlines and host-differentials to assure proper scoring and assigngene software (DNASTAR, Madison, WI). ment into resistant and/or susceptible classes.
Linkage Analysis Molecular Mapping
The computer program MAPMAKER version 3.0b was Genomic DNA from 91 individual MV F 2 plants and 93 BM F 2:3 families was processed for molecular marker analysis.
used for genetic mapping and linkage analysis (Lander et al., 
MWG2021, MWG848
, and TAG683) in the BM population were mapped in the vicinity of the Rph5 locus (Fig.  1A) . RFLP clone MWG691, originally mapped to the RESULTS telomeric region of barley chromosome 3HS (Graner In both crosses, the number of resistant and susceptiet al., 1994) , was monomorphic in the BM population. ble F 2 progeny approximated a 3:1 ratio, indicating that
To map MWG691, we converted it into a PCR-based a single dominant gene (Rph5) conferred resistance in marker. An insert fragment of 290 bp from the MWG691 Magnif 102 and Virginia 92-42-46 (Table 2 ). This result clone was sequenced. The sequence information was was confirmed by the 1:2:1 ratio of homozygous resisused to design a pair of primers (5Јgatcacttggggccgtatgt-tant, segregating, homozygous susceptible F 2:3 families gtta3Ј and 5Јaattccgggtgagtgcctcttc 3Ј) to PCR amplify (Table 2) . Infection types of resistant parents and resisthe DNA from parental forms and bulk segregants of tant progeny are summarized in Table 3. both populations. As a PCR-based marker, MWG691 Trisomic analysis of Tuleen and McDaniel (1971) and revealed polymorphism between Bowman and Magnif Tan (1978) indicated that Rph5 was located on barley 102. In the BM F 2 population, this marker segregated chromosome 3H. Therefore, we selected previously reported RFLP and SSR markers from chromosome 3H in a codominant fashion and was mapped 0.9 cM proxi- mal to Rph5. Map positions and the relative order of the markers CDO549, BCD907, MWG2021, MWG848 were confirmed on the MV population (Fig. 1B) . In addition to the above-mentioned markers, two RFLP and 1.9 cM proximal to Rph5, respectively, in this population. were identified for Rph5. In the BM cross, the brackTo identify more closely linked markers, AFLP analyeting markers are VT1 (at 0.2 cM distal) and C970 (at sis on parental lines and bulks from both populations 0.5 cM proximal) and in the MV cross, VT1 (also at 0.2 was conducted. As a result, an AFLP fragment of 120 bp cM distal) and MWG2158 (at 1.2 cM proximal) (Fig. 1A was detected with the primer combination EcoϩACA/ and B). The closely linked markers, identified in this MseϩAGG in both populations. This AFLP marker study, may be useful as probes for detecting the barley was converted to an RFLP probe (hereafter, referred lines carrying resistance alleles of Rph5. The other beneto as VT1) and mapped 0.2 cM distal to Rph5 in both fit derived from comprehensive mapping is the possibilpopulations. Also, an AFLP (E06M10) fragment of 200 ity of positional cloning of Rph5 in the future. One of bp was detected with the primer combination Ecoϩ the most crucial steps in positional cloning is the discov-AGA/MseϩATA and mapped to the most telomeric ery of molecular markers bracketing the gene of interest region of barley chromosome 3HS 3.7 cM distal from as demonstrated here for Rph5. Map-based cloning has Rph5 in the BM population. This DNA fragment was been successfully applied for several disease resistance cloned and sequenced. A BLAST search detected high genes in barley (Buschges et al., 1997; Wei et al., 1999) . similarity with the wheat telomere-specific DNA fragAs was mentioned above, the Rph7 locus was also ment (GenBank accession #AF004950).
mapped to the extreme telomeric region of barley chroThe close linkage of the RFLP markers flanking Rph5 mosome 3HS (Brunner et al., 2000; Graner et al., 2000) . was confirmed by RFLP analysis of NIL Magnif 102/ Interestingly, this part of chromosome 3HS does show *8Bowman, recurrent parent Bowman and the Rph5 an increased recombination rate that indicates a reladonor Magnif 102 as well as the other known source of tively high level of genetic activity in the region (Kunzel Rph5 'Quinn' (PI39401) . The markers VT1, BCD907 et al., 2000) . The availability of molecular maps with and CDO549 detected DNA fragments of the same size common markers allowed comparison of map positions in NIL Magnif 102/*8Bowman, Magnif 102 and Quinn, and estimation of relative locations of other loci. In this while a different size fragment was observed in Bowstudy, we compared three molecular maps of the Rph5 man. As an example, RFLP patterns with the VT1 and Rph7 flanking regions: two of the maps were develmarker is shown in Fig. 2 . In total, 16 RFLPs, four SSRs, oped in this study and the third by Brunner et al. (2000) . and one AFLP marker were placed on chromosome On the basis of the positions of common markers, we 3H in the BM population, and 15 RFLP and five SSR estimate that Rph5 is located about 6 cM distally from markers were mapped on the same linkage group in the Rph7 on barley chromosome 3HS (Fig. 3 ). MV population. Established maps share 13 common Another interesting finding is the positioning of the markers, including 10 RFLPs and three microsatellites, AFLP marker E06M10 on the extreme telomeric region and cover 172.7 and 105.8 cM of the barley chromosome of chromosome 3HS. It was mapped 3.3 cM distal to 3H in BM and MV populations, respectively (whole chrothe RFLP markers CDO549 and BCD907 in the BM mosome 3H maps are not shown).
cross. Sequence analysis of the DNA fragment detected by E06M10 revealed a high level of similarity with wheat
DISCUSSION
telomere-associated DNA (GenBank accession #AF-004950). In this regard, it is interesting to note that With two segregating populations, the leaf rust resistance gene Rph5 was precisely mapped to the extreme Kilian et al. (1999) generated marker Tel3S from a telomere-associated sequence of barley and mapped it to telomeric region of chromosome 3HS by means of molecular markers. Mapping results were confirmed by the most terminal region of barley chromosome 3HS, which is located ෂ4.5 cM away from the MWG691/ NIL analysis. Several closely linked molecular markers tentially suitable for marker-assisted selection and pyraFrijters, R. van Daelen, T. van der Lee, P. Diergaarde, J. Groenenmiding of genes confirming more durable resistance to dijk, S. Topsch, P. Vos, F. Salamini, and P. Schulze-Lefert. 1997. leaf rust. Also, the results provide the basis for physical 
